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SUMMARY

Two rocketmodelshavingcruciform,aspect-ratio-5,unswepttails
anda fineness-ratio-20fuselagewereflighttestedovera Machnuaiber
rangeof approximately1.7to 2.4. Oneof themodelshad cruciform,
aspect-ratio-s.k foqmrd surfacesin linewiththetails. Themodels
weregivenstepdistX?$b6%&sby pulserocketsat intervalsthroughout0
theMachnumberran&,~.dstabilityderivativeswereobtainedfromthe
neasuredresponses.Therollratesof themodelsvariedfrom10 radims

u per secondto 5 radiansper second.

Themeasuredlift-curve
originated(pitch)weremuch
plane(yaw)forbothmodels.
planewerein goodagreement
themodelwithtailonlywas

slopesin theplanein whichthe disturbance
lowerthanthelift-curveslopein theother
Themeasuredlift-curveslopesin thepitch
withpotential-flowtheory. Thedampingof
greaterthanthatpredictedby theory. The

dampingof themodelwithbothforwardswfaces-andtailswas shoutthe
seineas thatpredictedby theory. The aerodynamiccenterofbothmdels
was fartherforwsrdthanwaspredictedby potential-flowtheory.

INTRODUCTION

As the speedof missileshas advancedfarintothe supersonicregime,
thegeneraltendencyhasbecomemoreandnoreto usewingsof lowaspect
ratio. Thistrendis a logicalone sincetheincreasein lift-curveslope
withaspectratiohasbecomeverysmallat Machnuders of 2 andabove,
andtheelasticproblemsof a high-aspect-ratiowingat highspeedbecome
rathersevere.As a result,verylittleexperimentaldatahasbeen
obtainedor neededon high-aspect-ratiowingsin this’speedrange.
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Recently,however,withthe adventof folding-finrocketsas airplane
m
.

armament,high-aspect-ratiowingsatMachnumbersmound 2 becomeof
interest.The chordis restrictedin orderto allowthefinsto fold P
readilyand‘acomparativelylargespanis oftennecessaryto havesuf-
ficientstabilizingmea. It is conceivablethatguidancesystemsmsy
be developedwhichcanbe fittedin smallaircraftrocketsandtill
requirea ratherbluntnosebody. Sucha missilewillprobablyhavea
high-fineness-ratiofuselageandforwsrd-controlfinesincetherem psrt
of the fuselagewillbe, of necessity,a rocketmotor.

Adequatetheoryexistsforcalculatingthelift-curveslopeand .

aerodynamiccenterof sucha high-aspect-ratioconfigurationin a super-
sonicpotentialflow. (Forexsarple,seerefs.1 and2.) A question
existsas to whetherthe assumptionofpotentialflowis vsl.idforall
conditionsthatmaybe encounteredby guidedaircraftrockets.Thepur-
poseof thepresentinvestigatio~is to compsrestabilityderivatives
obtainedexperimentallyat highReynoldsnuziberwithstabilityderiva-
tivescalculatedfromexistingtheoryfora possiblefolding-finco@?ig-
uration.Brperimentalstaticanddynamicstabilitydataas obtained
fromtwofree-flightmodelsarepresented.Thefuselagesofbothmodels
hadhemisphericalnosesandbodyfinenessratiosof 20. The cruciform
tailsurfacesofbothmodelswereunsweptanduntaperedandhadsm aspect
ratioof 5. Oneof themodelshad cruciformQfting surfaceson thefor-
wardpartof themissilesuchasmightbe usedfo’$controlfins. The
modelsweredisturbedat predeterminedintervalsduringtheirflights

*

by smallrocketsfiringnormalto themodelflightpath. @SJlliC and
staticstabilityderivativesas calculatedfromthemeasuredresponses v
of themissilesto thesedisturbancesarecomperedwiththe derivatives
as calculatedfrompotential-flowtheory.

SYMBOLS

An normalacceleration,g units

A% transverseacceleration,g units

CD Dragdragcoefficient,—
qfir2

cm pitchingmomentaboutmodelcenterof gravity,

CN normal-forcecoefficient

CL liftcoefficient

b.,-

.—

Pitchingmoment
qsE

.
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resultant-forcecoefficient

side-forcecoefficient

momentsof inertiaaboutX-,Y-, andZ-axes,respectively,
Slug-ftz

spacemotionfactor(usedin ref.5)

totslpressure,lb/sqin.

Reynoldsnuder per foot

free-streamvelocity,ft/sec

bodycoordinateaxes

[

spanof tailsurfaces(usedonlyin pb/2V),ft

exponentialdampingconst=tin e-b:per second

meanaero~smic chord,ft

accelerationdueto gravity,32.2ft/sec2

modelmass,slugs

rollrate,radians/see

dynemicpressure,lb/sqft

exposedtailsreain oneplue, sq ft

timefrommodellaunching,sec

bodyradius,ft

distnce fromcenterof pressureof air-flowindicatorto model
centerof gravity(4.71

mgle of attackof model,

singleof attackindicated

ft forbothmodels)

deg

by flow-directionindicator,deg

angleof sideslipof model,deg

angleof sideslipindicatedbyflow-directionindicator,deg
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; pitchingvelocity,radiape/sec
.

+ yawing

u dsmped

Subscripts:

velocity,radians/see v

naturalfrequencyof resultantmotion,radi8ns/sec

L! derivativewith

a derivativewith

& derivativewith

B derivativewith

B derivativewith

t indicatesvslue

A dotover a or P

respectto 6E/2V

respectto a

respectto ‘+’(+7)

respectto ~

/ (+-3)respectto ~~ 2V

at trimcondition —

indicatesa derivativewithrespectto the.

MODELSANDAPPARATUS .

ModelDescription L

Themodelsusedforthesetestshadfuselagefinenessratiosof 2Q
and cruciformtailsof aspectratio5 thatwereuntaperedsmdunsweyt.
Onemodel,referredto throughoutthisreportasmodel1, hadno forward
surfaces.Theothermodel,referredto in thisreportasmodel2, was
identicalin configurationto model1 exceptfortheadditionof aspect-
ratio-3.4cruciformforwardsurfacesarrange”din line-tiththetail. A
generalarrangementofbothmodelsis shownin figure1 anddetailsof
theliftingsurfacesareshownin figure2. Theteleueterantennasshown
in figures1 and2 andthetotal-pressuretubesshownin figure1 were
indexed450withrespectto thetailsin sm effortto minimizeinter-
ference.The air-flowdirectionpickupslocatedin frontof themodels
werebelievedto be locatedfarenoughforwardto tin=ze theirwind-
shieldeffecton theblunthemisphericalnoses. Thefuselageforward
sectionwasmadeof 3/16-inchwall-steeltubingandtherearsectionwas
a standard5-inchHVARrocketmotor. The solid-steelfinswerewelded
to the fuselage.It isbelievedthatthemodelsweresufficientlyrigid;
thus, effectsof flexibilitywerenegligible.Phot~graphsof themodels
arepresentedin figure3. Thedimensionalandmassdataareas follows: *

w
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Exposedtailarea(perplme), sq f% . . . .
Fhselagecross-sectionalarea,sq ft . . . .
Exposedforwardwingarea(model2 only),per
Tailmesmaerodynamicchord,ft . . . . . . .

5

. ...* .*.. 0.6944

. . . . . . ● *. 0.1363
plane,sq ft . . 0.4167
. . . . . ..*. 0.4167

Center-of-gravityposition(bothmodels),inchesfromnose . . 43.9

Model1 Model2
(fuelburned) (fuelburned)

Weight)lb . . . . . . . . . . . . . . 162.I- 168.6
IX,SlU@t2 . . . . . . . . . . . . . 0.293 0.32
Iyor IZ,slug-ft2 . . . . . . . . . . 38.9 39.4
~...****m**em..*e . . 0.0075 0.0(2$1

INSTRUMENTATION

Themodelswereequippedwithan NACAeight-chamneltelemeterwhich
transmitteda continuousrecordof normsl,transverseandlongitudind-
acceleration,pitchangul+racceleration,rollratej”totalpressmej~le
of attack,smdsingleof sideslip.No reliableinformationwas received
fromthepitchsmgul.araccelerationpickupon eithermodel.

Velocitywasmeasuredlya CW Dopplervelocimeterandthepositions
of themodelsin spaceweremeasuredwithan NACAmodifiedSCR584
trackingradarset; Atmospheric
md winddirectionweremeasured
ence3 wasusedin an attemptto
atmosphericturbulencewas low.

Test

temperature,pressure,windvelocity,
by a Rawinsonde.Themethodof refer-
launchthemodelson a daywhenthe

Technique

Themodelswerelaunchedfroma nesr-zero-lengthmobilelauncher
at em elevationangleof 45°. Eachmodelwasboostedto supersonic
velocityby a first-stageboosterpoweredby two6-inch-diametersolid-
propellantrocketnotorswhichtogetherproducedapproximately12,000
poundsof thrustfor3 secondsduration.The5-inchHVARrocketmotor
whichmadeup the rearwardpartof eachof themodelfuselageswa fired
directlyefterfirst-stageburnout,sepsratedthemodelandbooster,
andpropelledthemodelup to a maximumspeed. As themodelscoasted
downthroughtheMachnumberrange,foursmallrocketson eachmodelwere
firednormalto the flightpathat intervalsin orderto causefreepitch
oscillationsof themedels. Thesesmallrockets,referredto aspulse
rockets,delivered20 pound-secondsof impulseoverabout0.06second.
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b
PRECISIONOl?DATA

4
Thevelocitydata,as obtainedby theCW Doppler_velocimeter,were

correctedforflight-pathcurvatureandforwindeffectsat sltitude.
Theangleof attack a andangleof sideslip~ at themodelcenter
of gravitywereobtainedfromthewind-flow-directionindicatorby usin~
thefollowingrelationships:

(~ i - (57.3)(3=)%p=pi+xp

Sinceslllinearaccelerometersobviouslycodd

.

\

\

)-Q@

notbe locatedat the
modelcenterof gravity,correctionshadtobe appliedforangulsrveloc-
itiesandaccelerations.Thesecorrectionswereverysmall,in almost
allcasesbeinglessthan1 percentof theinstrumentrange.

ACCURACY

.
The accuracyof theinstrumentationusedforthesetestsshould

causethefollowingqumtitiesto be within.thefollotigincremental
limitsforthetwoMachnuaiberslisted:

Machnumber a-~or~-~t CN or Cy CD P

2.4f 0.02 *O.15 *o.003 to●Q5 ko*2
1,7f 0.02 ?0.15 *O.005 *O.07 M*2

The absolutevaluesof a and ~ whicharenotusedforresultsin thig
reportarenotnearlyas accurateas a - at and~- ~t becauseof

possiblefinmisalinementsof the air-flowi@icator. No rigorousassess-
mentof theaccuracyof the stabilityderivativescanbe obtained.In
themethodusedfordeterminingma, therandomerrorsandsomeof the
systematicerrorsarecanceledoutwhenthe slopeis determined.In the
caseof ~ and Cmq+ Cm&,thelinearityof thederivativeitselfiB—4
oftenveryquestionable.Thefollowinglistedaccuraciesarebasedon
limitedexperiencefrominstanceswhenseveralsimilarmodelsof a con-
figurationhavebeentestedor whencheckswithothermethodshavebeen
possible:

.

.

k!”**”
‘b.’..

.
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CNaorcypj percent . . . . . . . .. O...

~, percent. . .

~ +%) percent

. ...0. . . . . . . . .

. . ...0 .. 0.0. ,.

RESULTSANDDISCUSSION

All coefficientspresentedin thisreport

7

.0...0 ● . . . %

. ...00 ● *.O @

● 0.... . . . . ~o

withthe exceptionof CD
arebasedon the exposedsreaof thetailin oneplsne(0.69U sq ft) -
andthetailchord(0.4167ft). Allmomentcoefficientsarereferred
to themodelcenterof gravity(43.9inchesfrommodelnose). The drag
coefficientCD isbasedon the fuselsgecross-sectionslarea. The
vsriationof Reynoldsnumberper footwithMachnumberforthetestsis
shownin figure4. Themeasuredtotsl-pressurevsriationwithtimefor
model1 is presentedin figure5 alongwitha calculatedvslueobtained
by usingRayleighrssupersonicpitotequation.‘I!heMachnuniberandstatic
pressureusedin thepitotequationwereobtainedfrcmthe CW Dopplerand
SCR584radarsndRawinsondemeasurements.Whencompared,themeasured
andcalculatedtotslpressuresformodel2 appearedto be verywch like
thoseshownformodel1. Forbothmodelstheagreementbelowa Mach
nuder of 1.9is verygoodbut shovea Machnmiberof 1.9themeasued
totelpressureis lowerandveryirregular.Thisresultsuggeststhat,
above M = 1.9,thetotal-pressuretubeis in a regionof separatedflow
andit seemslogicalthatat otherpositionsaroundthe fuselsgethere
may alsoat ttiesbe a sepsratedflow. Attemptsto correlatetheirregu-
laritiesin themeasuredtotalpressurewithvariationsin a snd ,6
showednothingthatappearedsystematicbut theywereevidentevenat
anglesof attackof lessthan1°. Occurrencesof thisnature,of course,
arestronglydependenton theReynoldsn~er of thetest.

TimeHistories

Thethe ~story of CN> Cy,rollrate,mdMach numiberduringpulse-
rocketfiringsis shownin ~iguresb and7 formodels1 and2, respec-
tively.Notethe irregukrresponseof CN and Cy becauseof their
beingreferencedto a conventionalbody-axissystemwhilethemodelis
rollingat from5 to 10 radiansper second.Littleevidenceof cross
couplingis apparenton theroll-ratetracebecauseof the smsllsingles
of attackendsideslip(usuallylessthan20). Theratherabruptsteps
on theroll-ratetraceoccurwhenthepulserocketfires,sincethethrust
lineof thepulserocketswasnot in theX,2planebut wasparsllel
to it anddisplaced0.75inch. Theavers&evariationof pb/2V with
Machnumberis shownin figure8 to be approximatelyconstantformodel2
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*

but increasingwithMachnumberformodel1. Therollratecouldnot
be accuratelypredictedfromfinmisalinement.Fronm’easuredwingmis-
alinements,Dodel1 wae calculatedto havehada valueof pb/2V *
of -0.0021duringflighttest. Similarly,theeffectsof wing-tail
interferencebeingneglected,model2 was calculatedto havehad a value
of pb/2v of 0.0010. .

NormalForcehe to Angleof Attack

Plotsof CN againsta arepre~ented.in figure9(a)formodel1
andin figure9(b)formodel2. Similarplotsof ~ againstJ3 are

presentedin figure10(a)formodel1 andin figure10(b)formodel2.
SuurmryplotsshowingCNa and Cy

P
againstMachnumberarepresented -—

in figuren(a) formodel1 andin figureU.(b)formodel2. Theoretical
valuesfor ~a or -CyP as calculatedfromreference1 (solidline

curves)arealsoshownin figuresn(a) andn(b). As maybe seenin
figure11,the qgreementbetweentheexperimentalpointsof CNa and

thetheoreticalcurveis goodforbothmodelsbut the.~perimentslpoints
for -cyB areconsiderablyhigherthanthetheoreticalvaluesforboth

models. Sincethisresultdidoccuronbothmodel~it isveryunlikely
thatit is dueto anyinstrumenterrors.

u
It isbelievedthat,if for

somereasontheverticaltailswerein a moreturbulentflowthanthe
horizontaltails,theexperimentalvsluesof Cy wouldbe lessthan .

P
theoryratherthangreater.It shouldbe notedthattheexpertiental
valuesof

(
CN or CyP\ aretotalderivatives,wherea8thetheoretical
a

valuesof cNa presentedarepartialderivatives.Attemptsweremade

to accountfor CN dueto 6 and ~ dueto ~ but no appreciable

differencein thederivativescNa and -~ resulted.A somewhat
P

similsrphenomenonoccurredduringthetest_reportedin reference4
where Cllawasthe ssmefora modelthatrolledat about5 radians

per secondas fora modelthatdidnotrollif thepitchcontrolswere
at a controldeflectionof OO. However,if thepitch.controlswere
deflected5° andthuscausedan asymnetryin themodel, $ was—.

CL

P.uehgreaterforthemodelthatrolledthanforthemodelthatdidnot
roll. For anyrocket-propelledmodeltest,no exactevaluationof the
asymmetriescanbe madesinceinstrumentmountingsas wellas lifting
surfacesof themodelsresubjectto constructiontolerances.Forboth
nodelsof thisreportpreflightmeasurementsof wingmisalinementsshowed
themto be verysmallandaboutthe samein theX,Yplgneas in

u

.
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v
theX,Zplane.
mentsof figure

9

!17nisresultis alsoIndicatedfromtheflightmeasuxe-
6. Furtherinvestigationwillbe necessaryif the causes1 of thislargeapparentsqrmmetrysreto be completelyunderstood.

Damping

Thedampingconstat couldnotbe reduceddirectlyfromthetime
historyof a or CN sincetheratherlargerollratecausedthe
responseto notbe confinedto theX;Zpleme. Two of themethods
usedforreducingdatafromrollingsymnetricslmodelsareshownin
references5 and 6. Bothmethodsinvolvethemakingof plotsof CN
against C-yor G against ~ anddetermininga resultantforcecoef-
ficient.In thisreportthemethodof reference5 wasusedprimarily
but themethodof reference6 was alsousedto checkagreement.Ssmple
plotsof thevariationof CN with Cy areshownin figure12 for
model1 ad figure13 formodel2. Theseshapesaretypical.fora small
valueof the space-motionfactor K whichis describedin reference5.
Thevalueof ~ formodelI variedfrom-0.37at M = 2.45 to -0.2
at M = 1.77. Thevalueof ~ formodel2 variedfrom-0.34
at M = 2.25 to -0.28at M= 1.69. Theplotsof CN againstCy

* fromallthepulseswereverysimilerto figures12 and13 exceptfor
thefirstpulseof model2. Inspectionof theroll-ratetracein
figure7 showsthatthe secondpulserocketfiredlessthan0.1second
afterthefirstpulserocketfinishedfiring.Thismodelmotionwas
somewhatsimilarto themotionresultingfromone longburningpulse
rocketandresultsin a verylargevalueof the space-motionfactor K.
In-fact,themodelhadrolledthroughmorethan90°betweenthe start
of thefirstpulserocketto burnoutof the secondpulserocket.The
plotof CN againstCy forthesepulses,presentedin figure14,shows
thatthevalueof K is extremelylarge.

Thetimehistoryof CR2 was obtainedfromtherelationship
~2=(CN- CNt)2+ (CY - Cyt)2. A sampletimehistoryof C~2 as
obtainedfromtheplotof CN ‘against@ in figure12 is shown
in figure15. Thedsmpingconstsmtb as obtainedfromthesetime
historiesof CR2 ispresentedin figure16. Thedampingconst~t %
was alsodeterminedby usingthemethodof reference6, andthesepoints
arealsoincludedin figure16. The excellentagreementbetweenthe
valuesof b obtainedby usingthetwomethodsis not surprisingeven
withthelargevd.ueof K forthefirstpulseof model2. Closeinspec-
tionof thetwomethodsshowsthat,whenthepropertrimpointswe -

b chosen,reference6 doesalmostthe samethinggraphicallyas reference
doesmathematically.

5
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Thedsmpingderivative~+C~ show in fi~e17wasdetetined ‘

fromthedempingconstantb by usingtherelationship: c

Thevaluesof C~ usedin thisequationwerethercmt-mesm-square
valuesof ma ~d CYp”

Alsoincludedin figure17 arecalculatedvaluesof Cm + C
%

obtainedby usingthemethodof reference7. Thefactthatsettersgree-
mentbetweentheoryandexperimentis obtainedformodel2 mustbe attrib-
utedto coincidence.ThetheoreticalCm.+%

formodel2 was,of

course,obtainedby addingtheeffectof theforwardsurfaceandits
downwashto the calculatedvaluesformodellJ therefore,thetheory
musthaveoverestimatedthe contributionof the forwardsurface.

Pitching

The staticstabilityderivative

relationship:

Iv/a

l.bment

~ wasobtainedfromthefollowing
&-

.

Thisis theequationfora nonrollingmodel. Howeverequation(14)of
reference5 fora rollingmodelreducesto thisequationif themagnus
termis assumedto be negligibleand Ix/Iy is assumedtobe zero.
The quantityu was determinedfromtheperiodof thetimehistory

2 2 is one-halfthatof CR,of CR . Sincetheperiodof ~

u = fi/Period.The secondtermof theequationfor
c%

whichis the

contributionof theverticaltrsmslationaldegreeof freedomwasextremely
small(lessthan1 percent)fortheseheavymodelshavi”ngsmalllifting
surfacesfaraw~ fromthe centerof gravity.A plotof ~ against

a
Machnumberforbothmodelsis shownin figure18. Theaerodynamic
center,as obtainedfromfigure18 andtheroot-mean-squsrevsluesof
ma and -CY~,is presentedin figure19. AJ_soincludedin figure19

arethe aero~amic-centerpositionsas calculatedfromthetheoryof 4

.— .
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reference1. As in the caseof thedemping,
betweentheorysmdexperimentin thecaseof
to coincidence.

Drag

thebetteragreement
model2 mustbe attributed

Thedragcoefficientas a functionofMachnumberis presentedin
figure20. Excellentagreementwas obtainedbetween CD as determined

fromthe CW Dopplerradarunitand CD as determinedfromthe longitudi-
nalaccelerometerin themodel. Sincethe singleof attackwas slways
verysmall,it is essentiallyzero-liftdrag. The angle-of-attackvane
mayhaveinfluencedthedragsomewhatbut itsinfluenceisbelievedto
be small. In reference6 whena slightlylongerrodwasusedon the
flow-directionindicatorthedragobtainedagreedwellwiththatobtained
fromwind-tunneltests. Reference8 slsoindicatesthat,whena low
rod is used,the reductionin nosedragis muchless.

CONCLUDINGREMARKS

~ investigationhasbeenconductedat highReynoldsntier to see
whetherpotential-flowtheorywilladequatelypredictthe stabilityderiv-
ativesof a cruciform-missileconfigurationhavingsm aspect-ratio-~
unswepttailanda fineness-ratio-20blunt-nosebody. Onemodelslso
had cruciform,aspect-ratio-3.4,forwardsurfaces.Thetwomodelswere
givenpitchdisturbanceswhilerollingat 5 to 10 radiansper second..
Thereappearedto be regionsof separatedflowon thebodiesofboth
modelsflighttestedabovea Machnuder of 1.9evenat anglesof attack
of lessthan1°.

The slopeof thevariationof normal-forcecoefficientwithangle
of attackagreedverywellwiththatobtainedby theoryforbothmodels
but the slopeof thevariationof side-forcecoefficientwithangleof
sideslipwasmuchgreaterthanthatof normal-forcecoefficientor theory
forbothmodels. The causeof thisadditionalsideforceis at present
unblown.

The dampingderivativeof themodelwithoutforwsrdsurfaceswas
greaterthanthatpredictedbytheorybut goodagreementbetweentheory
andexperimentwas obtainedwiththemodelhavingforwardsurfaces.
Thisresultindicatesthatin thiscasethetheoryoverestimatedthe
dampingcontributionof theforwsrdsurfaces.

The aero@mmic centerof themodelwithno forwardsurfaceswas
muchfartherforwardthanwouldbe predictedby theory. The factthat
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betteragreementbetweentheoryandexperimentwasobtainedforthe
r

modelwithforwsrdsurfacesalsoindicatesthatin thiscasethetheory
overestimatedthe destabilizingeffectof theforwsrdsurfaces. ,.

-w A=onautfcd kboratory,
NationalAdvisoryComnitteeforAeronautics,

LemgleyField,Vs.,JanuaryEl,1957.
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